The spindle apparatus segregates bi-oriented sister chromatids during mitosis but mono-oriented 44 homologous chromosomes during meiosis I. It has remained unclear if similar molecular mechanisms 45 operate to regulate spindle dynamics during mitosis and meiosis I. Here, we employed live-cell microscopy 46 to compare the spindle dynamics of mitosis and meiosis I in fission yeast cells and demonstrated that the 47 conserved kinesin-14 motor Klp2 plays a specific role in maintaining metaphase spindle length during 48 meiosis I, but not during mitosis. Moreover, the maintenance of metaphase spindle stability during meiosis 49 I requires the synergism between Klp2 and the conserved microtubule crosslinker Ase1 as the absence of 50 both proteins causes exacerbated defects in metaphase spindle stability. The synergism is not necessary for 51 regulating mitotic spindle dynamics. Hence, our work reveals a new molecular mechanism underlying 52 meiotic spindle dynamics and provides insights into understanding differential regulation of meiotic and 53 mitotic events. 54 55
. Moreover, inhibition of HSET activity compromises 124 meiotic spindle organization in marine oocytes but does not appear to affect mitotic spindle architecture in 125 cultured cells (Mountain et al., 1999) . These findings not only underscore the evolutionarily conserved roles 126 of kinesin-14 in organizing microtubule arrays and regulating spindle assembly but also highlight different 127 roles of kinesin-14 in meiotic and mitotic cells. The different role of kinesin-14 in meiosis and mitosis 128 remains to be further investigated. 129 The fission yeast Schizosaccharomyces pombe is an excellent model organism for studying meiosis 130 due to the ease of obtaining meiotic cells and the convenience of monitoring spindle and chromosome 131 dynamics by live-cell microscopy (Fu et al., 2009 ; Yamashita, Sakuno, Watanabe, & Yamamoto, 2017). 132 Two kinesin-14 motors, i.e. Pkl1 and Klp2 (Troxell et al., 2001) , are present in fission yeast. Pkl1 localizes 133 mainly at the spindle pole body to anchor microtubule minus ends (Syrovatkina & Tran, 2015; Yukawa, 134 Ikebe, & Toda, 2015), whereas Klp2 functions to organize antiparallel microtubule arrays at microtubule 135 plus ends during interphase and to regulate kinetochore dynamics at kinetochores during mitosis (Carazo- 136 Salas & Nurse, 2006; Gachet et al., 2008; Grishchuk & McIntosh, 2006; Janson et al., 2007) . Genetically, 137 both Pkl1 and Klp2 oppose the function of Cut7/kinesin-5 (Troxell et al., 2001) , and spindle bipolarity 138 restores if Pkl1 is removed in cells lacking Cut7 (Olmsted, Colliver, Riehlman, & Paluh, 2014; Syrovatkina 139 & Tran, 2015). The restoration of spindle bipolarity in cells lacking both Pkl1 and Cut7 depends on the 140 microtubule bundling protein Ase1 and microtubule associated proteins Alp7 and Alp14 (Rincon et al., 2017; 141 Yukawa et al., 2017). Unlike Pkl1 and its counterpart in Drosophila (i.e. NCD), the role of Klp2 in mitotic 142 spindle assembly is ill-defined and the role of klp2 in regulating meiotic spindle dynamics has not been 143 determined. 144 We employed live-cell microscopy to study spindle dynamics of mitosis and meiosis I in a 145 comparative manner and demonstrated that the conserved kinesin-14 motor Klp2 plays a crucial role in 146 preventing spindle collapse during meiosis I, but not during mitosis. Similar to Ase1, Klp2 may function as 147 a microtubule crosslinker and synergizes with Ase1 to maintain spindle stability during meiosis I. Our work 148 therefore provides important insights into understanding the differential regulation of meiotic and mitotic 149 spindle dynamics. 150
The spindles of meiosis I and mitosis display characteristic dynamics 153 During meiosis I, chiasmata form between homologous chromosomes and the kinetochores on sister 154 chromatids are mono-oriented. These characteristics of meiosis promoted us to hypothesize that the spindle 155 of meiosis I may be regulated specially in order to properly segregate the homologous chromosomes. To 156 test this hypothesis, we first employed live-cell microscopy to analyze the spindle dynamics of mitosis and 157 meiosis I in fission yeast cells expressing Sid4-GFP (a protein marking spindle pole body) and mCherry- 158 Atb2 (α-tubulin). As reported previously (Nabeshima et al., 1998; Yamamoto et al., 2008) , the spindle 159 dynamics of mitosis and meiosis I exhibits three characteristic phases: phase I (prophase-like, during which 160 the spindle assembles), phase II (metaphase/anaphase A, during which the spindle length remains relatively 161 constant), and phase III (anaphase B, during which the spindle length increases rapidly) ( Figure 1 , A-C). 162 Despite the similarity, the two types of spindle dynamics displayed different characteristics. As shown in 163 Figure 1D , the spindle elongated faster during phase I of meiosis I (referred to as prophase I) than during 164 5 phase I of mitosis and maintained a longer length during phase II of meiosis I (referred to as metaphase I) 165 than during phase II of mitosis. By contrast, the duration of phase I and II of meiosis I (referred to as 166 preanaphase I) and mitosis was comparable ( Figure 1D ). 167 168 Screening for motor proteins involved in regulating spindle dynamics of meiosis I 169 We then attempted to identify the proteins that are responsible for regulating meiotic spindle dynamics. 170 We focused on motor proteins because they are one of the main types of proteins involved in spindle 171 assembly and regulation (Reber & Hyman, 2015) . Live-cell microscopy was employed to examine meiotic 172 spindle dynamics of dynein-deletion cells (Dhc1Δ) and kinesin-deletion cells (all nonessential kinesins). As 173 shown in supplementary Figure S1 , most of the kinesin/dynein mutants displayed defective spindle 174 dynamics during meiosis I, but to different extents, with klp2Δ (kinesin-14 in human), klp5Δ (kinesin-8 in 175 human), and klp6Δ (kinesin-8 in human) cells showing the strongest phenotypes. In the absence of Klp5 or 176 Klp6, most of the meiotic spindles continuously elongated and did not show a distinguishable metaphase I. 177 Interestingly, in the absence of Klp2, about half of the meiotic spindles abruptly collapsed during metaphase 178 I (Supplementary Figure S1 and Figure 2 ), suggesting that Klp2 functions mainly to maintain spindle 179 stability during metaphase I. Therefore, in this present study, we addressed the role of Klp2 in regulating 180 meiotic spindle dynamics. 181 182
Klp2 is required for preventing spindle collapse during metaphase I 183 For comparison, we examined spindle dynamics of WT and klp2Δ cells during mitosis and meiosis I. 184 Mitotic spindle dynamics of WT and klp2Δ cells was comparable ( Figure 2B ), and no spindle collapse was 185 detected except that one WT cell (21 in total) displayed slight spindle regression during metaphase ( Figure  186 2D). By contrast, 50% of the spindles in klp2Δ cells underwent abrupt collapse during metaphase I (Figures 187 2A, 2C and 2E). The spindle collapse may not be due to the abnormalities of spindle elongation and length 188 because the absence of Klp2 did not significantly affect spindle elongation during prophase I and only 189 slightly lengthened the maximal spindle length during metaphase I ( Figure 2G ). Further analysis of mitotic 190 spindle parameters showed similar results except that the absence of Klp2 slowed down spindle elongation 191 during prophase ( Figure 2F ). In both mitotic and meiotic cells, the absence of Klp2 slightly but significantly 192 prolonged the duration of preanaphase ( Figures 2F and 2G ). These results not only show similar functions 193 of Klp2 in regulating spindle dynamics but also highlight the meiosis-specific role of Klp2 in preventing 194 spindle collapse. 195 196 Klp2 is required for maintaining proper organization of the interpolar microtubules during meiosis I 197 Next, we employed live-cell microscopy to image WT and klp2Δ cells expressing Bub1-GFP (a spindle 198 assembly checkpoint protein localized to kinetochores) and mCherry-Atb2. As shown in Figure 3A , 199 interpolar and kinetochore microtubules were distinguishable in the klp2Δ cells undergoing spindle collapse. 200 Specifically, the absence of Klp2 leaded to buckling of the interpolar microtubules in concomitant with 201 rapid shortening of the distance between the two spindle poles ( Figure 3A ). Consistent with the 202 quantification data shown in Figure 2E , spindle collapse was detected in >50% of the Bub1-GFP-expressing 203 klp2Δ meiotic cells but no spindle collapse was found in the Bub1-GFP-expressing klp2Δ mitotic cells 204 ( Figure 3B ). 205 6 Since Ase1 (PRC1 in human) is a crucial factor crosslinking the antiparallel interpolar microtubules 206 (Fu et al., 2009; Janson et al., 2007) , we further assessed the effect of the absence of Klp2 on the localization 207 of Ase1 within the spindle. Intriguingly, we noticed that Ase1 signals within the spindle during preanaphase 208 were much brighter in meiotic cells than in mitotic cells ( Figure 3C and 3D), suggesting that more Ase1 209 molecules are concentrated on the preanaphase spindle, presumably within the antiparallel interpolar 210 microtubules, during meiosis I than during mitosis. Moreover, the absence of Klp2 impaired the localization 211 of Ase1 within the spindle during preanaphase of meiosis I in the klp2Δ cells displaying spindle collapse, 212 but not in the klp2Δ cells displaying normal spindle dynamics ( Figure 3C ). By contrast, the localization of 213 Ase1 within the spindles in mitotic WT and klp2Δ cells appeared to be comparable ( Figure 3D ). Together, 214 these results suggest that Klp2 plays a crucial role in organizing the interpolar microtubules within the 215 meiotic spindles during preanaphase, likely through regulating the localization of Ase1. 216 217 Overexpression of Ase1 rescues spindle collapse in klp2Δ cells during meiosis I 218 We reasoned that overexpression of Ase1 in cells lacking Klp2 could restore the localization of Ase1 219 to the interpolar microtubules and subsequently rescue spindle collapse. To test this hypothesis, we 220 expressed GFP-Klp2 and Ase1-GFP from the ase1 promoter in klp2Δ cells and performed live-cell 221 microscopy to analyze spindle dynamics during meiosis I ( Figure 4A ). Note that Ase1-GFP-expressing 222 klp2Δ cells contain both ectopic GFP-Ase1 and endogenous Ase1. The expression of the GFP-tagged 223 proteins was confirmed in both h+ and h-cells ( Figure 4B ), which were crossed for analyzing spindle 224 dynamics during meiosis I. As shown in Figures 4C and 4D , meiotic spindle dynamics in GFP-Klp2- 225 expressing or Ase1-GFP-expressing klp2Δ cells and in WT cells (see Figure 2C ) was comparable, and only 226 10% and 20% of GFP-Klp2-expressing and Ase1-GFP-expressing klp2Δ cells, respectively, displayed 227 spindle collapse (vs. 50% in klp2Δ cells shown in Figure 2E ). Therefore, ectopic expression of both Klp2 and Ase1-GFP largely rescued spindle collapse caused by the absence of Klp2. Hence, it is possible 229 that Klp2 and Ase1 synergize to organize interpolar spindle microtubules and maintain spindle length during 230 metaphase I. 231 232
Ase1 is required for maintaining spindle stability during metaphase I 233 To reveal the role of Ase1 in regulating spindle dynamics, we analyzed spindle dynamics during 234 mitosis and meiosis I in ase1Δ cells by live-cell microscopy. In mitotic ase1Δ cells, the maximal metaphase 235 spindle length was significantly reduced as compared with the one in mitotic WT and klp2Δ cells (Figures 236 5A and 5B and Figure 2B ). In 3 of the 17 mitotic ase1Δ cells, the spindles did not appear to elongate before 237 anaphase onset. These results suggest a critical role of Ase1 in promoting spindle elongation during mitotic 238 prophase. By contrast, in meiotic ase1Δ cells, the maximal metaphase spindle length was comparable with 239 the one in meiotic WT and klp2Δ cells (Figures 5C and 5D and Figure 2C) 247 To understand the interplay between Klp2 and Ase1 in regulating spindle dynamics, we then assessed 248 the spindle dynamics of mitosis and meiosis I in ase1Δklp2Δ cells. Intriguingly, no additive spindle defect 249 was found in ase1Δklp2Δ cells during mitosis and the spindles in ase1Δklp2Δ cells did not elongate properly 250 and were short ( Figures 6A and 6B ). By contrast, an additive effect on spindle destabilization was detected 251 in ase1Δklp2Δ cells during meiosis I ( Figures 6C and 6D) . Specifically, the spindles in ase1Δklp2Δ cells 252 failed to maintain a stable metaphase length during meiosis I and spindle microtubules in most of the 253 ase1Δklp2Δ cells (5/7) were found to splay apart. These results suggest a synergistic role of Ase1 and Klp2 254 in organizing interpolar spindle microtubules and maintaining spindle stability during metaphase I. 255 It is worth pointing out that Ase1 may also play a role in promoting spindle bipolarity because a small 256 portion of ase1Δ cells (4/14) ( Figure 5C ) and ase1Δklp2Δ cells (1/7) ( Figure 6C ), but not WT (0/9) and 257 klp2Δ (0/10) cells, displayed multipolar spindles. 258 We further assessed the spindle elongation during mitotic and meiotic prophase in ase1Δ and 259 ase1Δklp2Δ cells. Intriguingly, the spindle elongated more slowly during mitotic prophase in ase1Δ, klp2Δ, 260 and ase1Δklp2Δ cells than in WT cells ( Figure 6E ). This result suggest that Ase1 and Klp2 are required for 261 promoting spindle elongation during mitotic prophase. By contrast, the spindle elongated much faster 262 during meiotic prophase in ase1Δ and ase1Δklp2Δ cells than in WT and klp2Δ cells ( Figure 6F ). This finding 263 establishes that Ase1 plays a special role during prophase I in restricting spindle elongation. Collectively, 264 Klp2 and Ase1 are required for promoting spindle elongation during mitotic prophase but synergize to 265 maintain spindle stability during metaphase I. 266 267 Klp2 and Ase1 are required for proper segregation of homologous chromosomes 268 Finally, we dissected chromosome segregation during meiosis I and mitosis. As shown in Figure 7 , A-269 D, a range of abnormalities in homologous centromere segregation during meiosis I were found in ase1Δ, 270 klp2Δ, klp2Δase1Δ, and even WT cells. Based on the degree of severity, the abnormalities were classified 271 into two categories, in which one displayed unsegregated centromeres after spindle breakdown (i.e. 272 centromere lagging and clustering upon spindle breakdown) and the other displayed segregated centromeres 273 that ultimately converged at the two SPBs upon spindle breakdown ( Figure 7E ). Interestingly, 7.7% (n=13) 274 of WT meiotic cells displayed unsegregated centromeres, suggesting that homologous chromosome 275 segregation is error-prone during meiosis I ( Figure 7E ). The absence of Ase1 or Klp2 enhanced defects in 276 homologous chromosome segregation with 38.1% (n=21) and 28.6% (n=14) of the klp2Δ and ase1Δ cells, 277 respectively, displaying unsegregated centromeres ( Figure 7E ). Moreover, 43.7% (n=16) of the klp2Δase1Δ 278 cells displayed unsegregated centromeres ( Figure 7E ). This quantification result correlated well with the 279 degree of spindle defects caused by the absence of Klp2 and/or Ase1 (Figures 2C, 5D , and 6D). Thus, Klp2 280 and Ase1 are involved in regulating homologous chromosome segregation, likely through ensuring proper 281 maintenance of meiotic stability. 282 For comparison, we also examined centromere segregation during mitosis. As shown in Figure 7 , F-J, 283 a small portion of cells lacking Ase1 displayed abnormal centromere segregation whereas the absence of 284
Klp2 and Ase1 work in concert to maintain spindle stability during metaphase I
Klp2 did not affect mitotic chromosome segregation. 285 286 DISCUSSION 287 Few studies were focused on addressing the difference between mitotic and meiotic spindle dynamics. 288 In this present work, we compared mitotic and meiotic spindle dynamics in a quantitative manner and 289 showed that kinesin-14/Klp2 plays a crucial role in regulating spindle and chromosome dynamics during 290 meiosis I, but not during mitosis. We further demonstrated that Klp2 works in concert with Ase1 to organize 291 interpolar spindle microtubules during meiosis I and to mediate homologous chromosome segregation. 292 Hence, our work reveals a new meiotic mechanism underlying the maintenance of metaphase spindle length. 293 Our comparison analysis elucidated that the spindle dynamics of mitosis and meiosis I exhibits distinct 294 characteristics (Figure 1) . The spindle length of meiotic I phase II is ~2-fold longer than that of mitosis 295 ( Figures 1B an 1D ), in consistence with the findings reported previously (Nabeshima et al., 1998; 296 Yamamoto et al., 2008). By contrast, the preanaphase duration of mitosis and meiosis I are comparable 297 ( Figure 1D ). Therefore, the spindle elongation speed during phase I of meiosis I is significantly faster than 298 that of mitosis ( Figures 1B and 1D ). Klp2 does not appear to contribute to the increased speed of meiotic 299 spindle elongation ( Figure 2G ). Instead, Klp2 plays a specific role in maintaining metaphase spindle length 300 during meiosis I, but not during mitosis, since about half of the spindles in klp2Δ cells collapse abruptly 301 during meiosis I (Figures 2A and 2C ). 302 The abrupt collapse of metaphase spindles in klp2Δ cells is likely due to the defective organization of 303 interpolar microtubules ( Figure 3A ). It has been reported that the budding yeast orthologue of Klp2 (i.e. 304
Kar3) aligns interpolar microtubules to the spindle axis so that Cin8/kinesin-5 can efficiently slide apart 305 the antiparallel microtubules to promote spindle bipolarity during mitosis (Hepperla et al., 2014). Therefore, 306 the absence of Kar3 causes short metaphase spindles during mitosis. However, the absence of the Kar3 307 counterpart Klp2 in fission yeast slightly but significantly lengthens metaphase spindle during mitosis and 308 meiosis I ( Figures 2F and 2G ). Therefore, it is unlikely that Klp2 regulates meiotic spindle dynamics 309 through enhancing the functionality of kinesin-5. We noticed that the localization of Ase1, the microtubule- interpolar microtubules is impaired in klp2Δ cells during meiosis I ( Figure 3C ). This finding suggests the 313 possibility that Klp2 regulates meiotic spindle dynamics through facilitating the localization of Ase1 to 314 spindle microtubules. This is further supported by the fact that artificial enhancing the localization of Ase1 315 to meiotic spindles by Ase1 overexpression can rescue spindle collapse in klp2Δ cells (Figure 4 ). 316 Consistent with previous studies ( 6C and 6D) and that klp2Δase1Δ cells display defective spindle organization with splayed microtubules 320 ( Figure 6C ). The synergism mechanism may not operate in mitotic cells to regulate metaphase spindle 321 stability because the absence of Klp2 and Ase1 does not causes spindle collapse during mitosis (Figures 322 6A and 6B). It is worth pointing out that less Ase1 localizes to interpolar microtubules during preanaphase 323 of mitosis than that of meiosis I and that the absence of Klp2 does not appear to affect the localization of 324 Ase1 in mitotic cells ( Figures 3C and 3D) . Nevertheless, consistent with the previous reports (Loiodice et  325 al., 2005; Yamashita et al., 2005), our work confirmed that Ase1 is required for promoting spindle 326 elongation during mitotic preanaphase ( Figures 5A and 5B ). 327 Surprisingly, Ase1 is not required for promoting spindle elongation during meiotic preanaphase I. 328 9 Instead, the absence of Ase1 significantly increases the preanaphase spindle speed of meiosis I ( Figure 6F ). 329 Moreover, the absence of Ase1 does not significantly shorten the maximum length of metaphase spindles 330 during meiosis I ( Figures 5D) . These findings demonstrate the differential roles of Ase1 in regulating 331 mitotic and meiotic spindle dynamics. We hypothesize that Ase1 may function in a dose-dependent manner 332 within the spindle. When the concentration of Ase1 is elevated within the spindle during meiosis I, 333 presumably in a Klp2 dependent manner ( Figure 3C ), Ase1 functions as a limiting factor in restricting 334 spindle elongation. When the levels of Ase1 are low within the spindle during mitosis, Ase1 then serves as 335 a stabilizing factor to promote spindle elongation ( Figure 3D ). This hypothesized model awaits further 336 investigation. 337 Why do meiotic spindles need both Ase1 , 2007) . Therefore, it is conceivable that a more sophisticated mechanism involving 342 multiple types of microtubule crosslinkers (i.e. Ase1 and Klp2) is required to construct and maintain 343 metaphase spindles of a larger size, e.g. meiotic spindles. Meiotic spindles elongate faster than mitotic 344 spindles during preanaphase ( Figure 1D ). We postulate that the involvement of Ase1 and Klp2 could also 345 provide more robust forces, likely entropic forces as shown previously (Braun et al., 2017; Lansky et al., 346 2015), to antagonize spindle sliding and subsequently to maintain the stability of meiotic metaphase 347 spindles. 348 In conclusion, this present work reveals a meiosis-specific role of Klp2 in maintaining metaphase 349 spindle stability and provides insights into understanding differential regulations of meiotic and mitotic 350 spindle dynamics. 351
352
MATERIALS and METHODS 353 354 Plasmids and yeast strains 355 Strains were created by random spore digestion or tetra dissection. Plasmids were constructed by 356 homologous recombination using the ClonExpress®II One Step Cloning Kit (www.vazyme.com). The 357 strains and plasmids used in this study are listed in the supplementary tables 1 and 2, respectively. 358 359
Microscopy 360 Imaging was performed with a PerkinElmer UltraVIEW Vox spinning-disk microscope equipped with 361 a Hamamatsu C9100-23B EMCCD camera and a CFI Apochromat TIRF 100x objective (NA=1.49). Cells 362 were sandwiched between an EMM (Edinburgh Minimal Medium)-agarose pad and a coverslip for imaging, 363 as reported previously (Shen et al., 2019) . For mitosis analysis, vegetative cells were grown in EMM media 364 plus five supplements (Adenine, Leucine, Uracil, Histidine, and Lysine, 0.225 g/L each) and were collected 365 for imaging until OD600 reached 0.5-1.0. For meiosis I analysis, cells with opposite mating types were first 366 streaked on YE (Yeast extract) plates and were grown overnight at 30 °C. The fresh cells with opposite 367 mating types from the YE plates were then mixed on ME (Malt extract) plates for 10 hours before the cells 368 were collected for imaging. All media were purchased from Formedium (www.formedium.com). Briefly, 369 10 stack images containing 11 planes at 0.5 μm spacing were acquired every minute. Time-lapse maximum 370 projection images were created using MetaMorph 7.7 (www.moleculardevices.com). 371 372
Data analysis 373 Spindle length was determined by measuring the distance between two spindle poles using imaging J 374 1.5 (imagej.nih.gov). Graphs of spindle length against time were then created using KaleidaGraph 4.5 375 (www.synergy.com) to show spindle dynamics. Phase I (prophase-like) and phase III (anaphase B) are the 376 phases showing continuous spindle elongation. During phase II (metaphase), the spindle length slightly 377 oscillates around its mean. Phase I spindle speed (i.e. prophase spindle speed) was determined using linear 378 regression that was applied to the spindle length plots for Phase I. Phase II spindle length (i.e. metaphase 379 spindle length) was determined by calculating the mean spindle length of phase II. In the case of spindle 380 collapse, phase II without the phase of collapsing was used for the calculation. The duration of phase I and 381 II (i.e. preanaphase) was the time between the initiation of spindle assembly and anaphase B onset. All plots 382 were created using KaleidaGraph 4.5. Kymograph graphs were constructed using MetaMorph 7.7. 383 384 ACKNOWLEDGEMENTS 385 We This study pCF.861 pJK148-Pase1-ase1-GFP This study
